Introduction
Autosomal dominant PKD (ADPKD) is the most common genetic form of PKD, occurring in 1 in 400 to 1 in 1,000 live births and it affects ~500,000 Americans. 1, 5, 9, 12 ADPKD may be asymptomatic for several decades, but as cysts increase in size and number, symptoms and serious sequelae develop. Autosomal recessive PKD is much rarer than ADPKD and it occurs in only about 1 in 20,000 live births. 1, 5 Symptom presentation is more rapid and occurs at an earlier age for persons with autosomal recessive PKD than for persons with ADPKD, so ADPKD is more likely to be a long-term chronic condition. 1, 12, 13 Although there are few reports on the economic burden associated with ADPKD, literature reports indicate that chronic kidney disease in general is a source of substantial clinical and economic burden. Smith et al reported that among enrollees of a large health maintenance organization, health care expenditures for chronic kidney disease patients were ~US$8,000 more than those without chronic kidney disease. 14 Baumeister et al, in a study of a general population, reported that persons with chronic kidney disease had ~68% higher total costs, 60% higher inpatient costs, 48% higher drug costs, and a 1.40% higher relative risk of hospitalization compared to persons without chronic kidney disease. 15 PKD, in particular, has been identified as the leading hereditary cause of end-stage renal disease in the United States. 16 Renal failure occurs by age 60 years in ~50% of patients with ADPKD, requiring dialysis or kidney transplant. 5 Lentine et al estimated all-cause health care costs for persons with ADPKD 17 and reported mean annual unadjusted all-cause total health care expenditures ranging from US$26,521 at baseline to US$140,139 at the advanced kidney disease level. 17 There is limited evidence describing incremental economic burden of ADPKD. Blanchette et al reported higher all-cause hospital-based inpatient resource utilization among ADPKD patients compared to persons with chronic kidney disease. 18 Knight et al reported that health care resource use and expenditures over a 6-month duration were greater among ADPKD patients compared to non-ADPKD controls matched on age and gender. 19 However, the study did not match on or adjust for comorbidities. Additional evidence regarding the incremental burden of ADPKD may offer valuable input in understanding the societal impact of the disease. The specific study objectives were to:
1. Determine incremental health care resource utilization associated with ADPKD by categories including hospitalizations, hospital days, nursing home confinements, nursing home days, outpatient visits, and emergency room visits, and 2. Determine incremental health care expenditures associated with ADPKD by categories including hospital expenditures, nursing home expenditures, outpatient expenditures, emergency room expenditures, medication expenditures, and total health care expenditures.
Methods

study design
An observational database analysis was conducted using information from a large administrative database. Individuals aged 18 years or older with ADPKD were identified using International Classification of Disease, Ninth Revision, Clinical Modification (ICD-9-CM) codes. A 1-year study interval from April 1, 2011 through March 31, 2012 was used in the analysis.
Data source
Health insurance claims data from the OptumInsight TM Clinformatics TM DataMart database (Optum, Eden Prairie, MN, USA) between April 1, 2011 and March 31, 2012 were used to conduct an observational database analysis. The Clinformatics TM DataMart database includes medical and pharmacy claims for 13 million privately insured lives covering all census regions of the United States. Data elements used in this study included enrollment records, patient demographics, inpatient and outpatient medical services, and prescription drug dispensing records. The database contained only deidentified information. To account for pricing variation across providers or geographic regions, prices in the database are standardized to reflect allowed payments from a single source with a consistent payment plan. The standardized prices have been routinely used in the analysis of expenditures in prior literature. 20, 21 study participants Persons 18 years or older, enrolled in a tracked health plan during the 12-month period from April 1, 2011 through March 31, 2012, and having a diagnosis for "polycystic kidney, autosomal dominant" (753.13) or for "polycystic kidney, unspecified type" (753.12) were selected for inclusion in the sample. Persons having ICD-9-CM diagnosis codes for "polycystic kidney, autosomal recessive" (753.14) or "cystic kidney disease" (753.1) were excluded from the ADPKD group because of their differing clinical presentation and prognosis. Each individual in the ADPKD group was linked based on age and gender with an individual without ADPKD. The non-ADPKD group consisted of individuals who satisfied all inclusion criteria for the ADPKD group but did not have a diagnosis for ADPKD. Exclusion criteria for the non-ADPKD group were a diagnosis for autosomal recessive PKD (753.14), cystic kidney disease (753. Renal diseases were excluded from the control sample so as to avoid potential confounding from associated resource utilization and expenditures from those renal diseases. For sub-group analysis, ADPKD cases with end-stage renal disease were identified by presence of ICD-9-CM code for end-stage renal disease (585.6), current procedural terminology codes for chronic hemodialysis for ages 20 years and over (90960, 90961, 90963), HCPCS codes used for center based patients on dialysis (G0308-G0319), HCPCS codes used for home dialysis patients (G0320-G0323), ICD-9 code for renal transplant (v42.0), and CPT code for renal transplant (50360, 50365). This study was approved by the Institutional Review Board of Purdue University.
Quantitative variables and covariates
Health care resource utilization by specific category was calculated for each individual and health care expenditures by specific categories were computed by adding standard prices from insurance claims. All costs were adjusted to 2018 US dollars. Demographic variables including year of birth, gender, and geographical region were extracted from eligibility and claims files. A modified Charlson Comorbidity Index developed by Romano et al was constructed for the sample, in which renal diseases were excluded in the computation of comorbidity index scores. 22 
statistical methods
Data were analyzed using SAS for Unix Version 9.2 and STATA for Unix version 12. Frequency distributions were developed to describe the sample, and chi-square tests were used to assess statistical differences between persons with or without ADPKD based on demographic variables and clinical variables. Unadjusted means and 95% CIs, and medians for utilization and expenditure in each category were also computed and Wilcoxon-Mann-Whitney test was used to detect differences between the groups.
Individual zero-inflated negative binomial regression models were developed to estimate independent association between ADPKD and utilization of health services, including hospitalizations, hospital days, nursing home confinements, nursing home days, outpatient visits, and emergency room visits. A binary predictor variable for ADPKD was included in each model, and covariates in each model included age, gender, comorbidity index score, cardiovascular disease, diabetes, and geographical region, to adjust for these risk factors. Similarly, individual zero-inflated negative binomial regression models were also developed for health care expenditures including total expenditures, hospital expenditures, nursing home expenditures, outpatient expenditures, emergency room expenditures, and medication expenditures, with the same predictor variable and covariates described earlier. Subgroup analysis examined incremental resource utilization and expenditures associated with ADPKD across sub-groups with ADPKD and end-stage renal disease and those with ADPKD but without end-stage renal disease. ADPKD cases with a diagnosis of end-stage renal disease and their comparison individuals were one sub-group and cases without end-stage renal disease and their comparison individuals formed the other sub-group. Individual zero-inflated negative binomial regression models, as described for the overall analysis, were also developed to estimate incremental resource utilization and expenditures by category for each sub-group, adjusting for risk factors.
Results
sample characteristics
Out of 10,500,664 persons at least 18 years old and enrolled during the 12-month period from April 1, 2011 through March 31, 2012, there were 4,020 individuals having a diagnosis for ADPKD. After excluding 115 individuals who either had a diagnosis of autosomal recessive PKD or unspecified cystic kidney disease and 61 persons who had no medical claim information, a total of 3,844 individuals remained in the ADPKD group. The individuals with an ADPKD diagnosis were linked one-to-one with individuals without ADPKD. As shown in Table 1 , the sample was 53% female, with a mean age ± SD of 49.15±13.67 years. Approximately, 55% were between 45 and 64 years old. As also shown in Table 1 , a significantly higher proportion of individuals in the ADPKD group had Charlson Comorbidity Index scores greater than zero (55.8% vs 37.5%, P<0.05). The cohort with ADPKD also had proportionally higher diagnosis of cardiovascular disease (25.6% vs 13.3%, P<0.05) and diabetes (14.1% vs 10.0%, P<0.05). Since hypertension is a major cardiovascular risk factor among persons with ADPKD, it was not surprising to observe a higher incidence of cardiovascular disease among the ADPKD cohort. Multivariate regression models estimating incremental resource use and expenditures associated with ADPKD were adjusted for each of the clinical and demographic variables.
Unadjusted annual health care resource utilization and expenditures among persons with or without aDPKD
Unadjusted resource utilization Table 2 shows mean and median resource use by category for the group with ADPKD and the group without ADPKD. Mean annual unadjusted hospitalizations were three times higher among individuals with ADPKD (0.24) as compared to those without ADPKD (0.085), P<0.001. Individuals with ADPKD had four times greater mean annual unadjusted hospital days (2.0) as compared to individuals without ADPKD (0.45), P<0.001. Mean annual unadjusted outpatient visits were more than twice as great among individuals with ADPKD (21.1) as compared to those without ADPKD (9.7), P<0.001. 
Unadjusted expenditures
Mean unadjusted annual health care expenditures are reported in Table 2 . Mean annual unadjusted hospital expenditures were more than four times higher among individuals with ADPKD (US$7,252) as compared to individuals without ADPKD (US$1,619), P<0.001. Mean annual unadjusted expenditures from nursing homes were also sixfold higher for the cohort with ADPKD (US$275) as compared to the cohort without ADPKD (US$45), P<0.001. Unadjusted mean annual outpatient expenditures were almost four times higher among individuals with ADPKD (US$13,777) than for individuals without ADPKD (US$3,519), P<0.001. Mean annual unadjusted medication expenditures for individuals with ADPKD (US$3,860) were ~2.5 times higher when compared to individuals without ADPKD (US$1,506), P<0.001. Mean annual unadjusted total health care expenditures among individuals with ADPKD (US$25,363) were more than three and one-half times as high as for those individuals without ADPKD (US$6,799), P<0.001.
Dovepress
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Data distributional characteristics were examined, and sequential assessment of potential regression techniques was conducted to select an appropriate model, for analysis of incremental resource utilization, and expenditures associated with ADPKD. Residuals of ordinary least squares regression models with both untransformed and logtransformed utilization and expenditure variables showed a violation of assumptions of normality and constant variance. P-values <0.05 for each Kolmogorov-Smirnov test showed that residuals for each ordinary least squares regression model were not normally distributed. 23 Results of each Glejser test showed P-values <0.05, confirming that residuals were significantly associated with independent variables. 24 Therefore, generalized linear models were developed and tested for model fit. Medical resource utilization and expenditure variables had a high number of observations with zeros. For example, out of 7,688 cases and controls, 6,804 had zero inpatient hospitalizations, 6,805 had zero inpatient hospital expenditures, 569 had zero outpatient visits, 572 had zero outpatient expenditures, 5,460 had zero emergency room visits, and 1,127 had zero medication expenditures. Overdispersion of dependent variables evidenced by P-values <0.05 for Vuong tests suggested a need for a zero-inflated generalized linear model. 25, 26 Significant likelihood ratio tests, shown by P-values <0.05, indicated that for each dependent variable, zero-inflated negative binomial models were more suitable than zeroinflated Poisson models.
26-29 incremental resource utilization
Results from multivariate zero-inflated negative binomial regression models for each health care resource utilization type are reported in Table 3 . For nursing home confinements, results from regression models were not available since the number of nursing home confinements were so low that models did not converge. ADPKD was associated with many more outpatient visits as reflected in a mean (SD) of 6.9 (0.28) (P<0.001) incremental outpatient visits. Although ADPKD was associated with incrementally more hospitalizations (0. 
incremental expenditures
As shown in Table 3 , the mean incremental total health care expenditure associated with ADPKD was US$8,639 5 (2) 20 (12) 4 (9) 4 (13) 
001).
Results from sub-group analyses of incremental expenditures associated with ADPKD are also reported in Table 4 . The ADPKD sub-group with end-stage renal disease had mean incremental total expenditures associated with ADPKD of US$38,962 ($6,181) (P<0.001), which were much higher than those for the sample including all persons with ADPKD regardless of end-stage renal disease status (US$ 
Discussion
Administrative insurance records were examined to assemble a cohort of patients with ADPKD and to estimate all-cause health care resource utilization and health care expenditures for those patients. Incremental health care resource utilization and incremental health care expenditures associated with ADPKD were also estimated. To account for pricing variation across providers or geographic regions, standardized prices of health care expenditures were used in this study.
A diagnosis of ADPKD was associated with substantial incremental resource use and expenditures, even after adjusting for risk factors. Incremental resource utilization (standard error) from outpatient visits was large (6. (2) 35 (53) 25 (29) 2 (51) 36 (47) 38 (80) 17 (72) 9 (57) no-EsRD (1) 14 (9) -2 (4) 5 (7) -0.93 (7) -10 (9) 
29 (27) 60 (39) 56 (41) 46 ( Alexander et al reported that chronic kidney disease was an independent predictor of health care resource utilization after accounting for other risk factors, consistent with findings from this study. 28 Mean annual all-cause total health care expenditures reported by Lentine et al were US$26,521 at early stages of renal function decline among individuals with ADPKD and rose to US$140,139 when patients reached end-stage renal disease. 17 As reported by Knight et al, mean unadjusted hospitalization costs were 2-8 times higher and mean unadjusted hospital outpatient visits were ~3-4 times higher for ADPKD patients at earlier stages of chronic kidney disease compared to age-and gender-matched controls (who had no ADPKD). 19 However, Blanchette et al reported a 44% shorter average length of hospital stay for the ADPKD cohort as compared with persons with chronic kidney disease. 18 This present study reports that incremental total health care expenditures associated with ADPKD were higher for the ADPKD sub-group with end-stage renal disease (US$38,962 [$6,181]) than for the ADPKD sub-group without end-stage renal disease (US$2,944 [$417]), consistent with trends in all-cause expenditures by kidney function levels as reported by Lentine et al and hospitalization costs and hospital outpatient visits at earlier stages of chronic kidney disease as reported by Knight et al. 17, 19 Although individuals with ADPKD and end-stage renal disease had the highest incremental expenditures, a diagnosis of ADPKD without end-stage renal disease was associated with considerable incremental inpatient expenditures, outpatient expenditures, medication expenditures, and total health care expenditures. These expenditures could be explained -at least in part -by both acute and chronic burdens of ADPKD. Acutely, ADPKD patients may experience episodes of painful renal cyst rupture, hematuria, nephrolithiasis, urinary tract infections, and rare intracranial aneurysms. Chronically, ADPKD patients have high rates of hypertension, costs associated with screening imaging of the kidneys and brain, and management of the sequelae of chronic kidney disease and its associated cardiovascular disease. 5 
study limitations
At the time the study was conducted, most recent data available was up until March 31, 2012 . Since the time that this study was conducted, there has been only one treatment (tolvaptan) that Notes: NA -Results were not available since the number of nursing home confinements were so low that models did not converge.
a Analysis based on zero-inflated negative binomial regression models. The dependent variable for each model is listed in the first column and the independent variables in subsequent columns. The marginal effects are estimated at the starting value for each independent variable fixed at the observed mean value for each sub-group. For the sub-group with EsRD, the proportion with aDPKD was 50%, age at 54.9 years, proportion of males at 0.54, Charlson Comorbidity index at 1.6, proportion of cardiovascular disease 33.7%, proportion of diabetes 16.1%, proportion of midwest 27.6%, proportion of west 15.8%, and proportion of south 47.2%. For the sub-group without EsRD, the proportion with aDPKD was 50%, age at 47.6 years, proportion of males at 0.45, Charlson Comorbidity index at 0.61, proportion of cardiovascular disease 15.6%, proportion of diabetes 11.0%, proportion of Midwest 27.3%, proportion of West 17.6%, and proportion of south 44.4%. Marginal effects for dichotomous variables are change in the expected value of the dependent variable for the discrete change from 0 to 1 of the independent variable, that is, from no-aDPKD to aDPKD and woman to man. Marginal effects for continuous variables are change in the expected value of the dependent variable for a unit change in the independent variable, given a specific starting value for the independent variable. Abbreviations: aDPKD, autosomal dominant polycystic kidney disease; EsRD, end-stage renal disease.
was approved for use in this patient population and has been available for patients since April 2018. 29 Since this treatment only recently entered the US market, there is currently limited data on the average additional cost per ADPKD patient at the time of the writing of this manuscript. However, given the relatively high cost of tolvaptan treatment, it is possible that the incremental health care expenditures will grow in future years. The database used in this study includes medical and pharmacy claims for 13 million privately insured lives in the United States which limits the generalizability of study findings. Another limitation of this study was that ICD-9-CM codes were used to identify individuals with ADPKD. Also, the comorbidities used for the Charlson Comorbidity Index were identified using ICD-9-CM codes. Use of diagnostic codes in claims to identify diagnosis is known to be imperfect due to variations in coding. 30 However, the set of codes used in this study to identify ADPKD have been utilized in prior studies. 17, 31 Since the data source included individuals with private insurance, it is possible that some of the health care costs in the end-stage renal disease population were underestimated in this study, as the Centers for Medicare and Medicaid Services begins to pay for a portion of the medical care once the diagnosis of end-stage renal disease is made.
Conclusion
In conclusion, ADPKD was associated with significant incremental health care resource utilization and expenditures even after adjusting for age, gender, comorbidities, cardiovascular disease, diabetes, and geographical region. Considerable illness burden was found even before patients reached endstage renal disease.
